Little is known about the pathogenesis of invasive pulmonary aspergillosis and the relationship between the kinetics of diagnostic markers and the outcome of antifungal therapy.
mentary understanding of concentration-effect relationships for Aspergillus.
To address these issues, we developed and validated an in vitro model of the human alveolus to study the relationship among the pathogenesis of early IPA, the kinetics of diagnostic markers, and the outcome of antifungal therapy. We used galactomannan to quantify fungal growth and the antifungal effect induced by macrophages and amphotericin B, both alone and in combination. A population mathematical model was developed, and Monte Carlo simulation was used to further explore the clinical implications of the experimental results.
MATERIALS AND METHODS

Construction of the cell bilayer and validation of the in vitro model. Human pulmonary artery endothelial cells (HPAECs)
were purchased from Cambrex Bio Science. Human alveolar epithelial (A549) cells were purchased from American Type Culture Collection. HPAECs were only used in passages 6 and 7. HPAECs were grown in endothelial medium (basal medium supplemented with ascorbic acid, heparin, hydrocortisone, human endothelial growth factor [EGF] , 2% fetal bovine serum [FBS] , vascular EGF, human fibroblast growth factor-B, and R3-insulin-like growth factor-1), to form EGM-2. Amphotericin B and gentamicin, which are ordinarily components of EGM-2, were not included. Cells were grown to near-confluence in humidified 5% CO 2 at 37ЊC. A549 cells were used in passages 79-86 and were grown in EBM-2 supplemented with 10% FBS only (Gemini Bioproducts).
A bilayer was constructed using 6.5-mm-diameter Transwell Clear membranes with 3-mm pores (Corning). A total of 1 ϫ 10 5 HPAECs suspended in 100 mL was placed onto the undersurface of the membrane and incubated for at least 2 h. Membranes were subsequently placed right side up in a 24-well tissue culture plate that contained 600 mL of endothelial medium, and 100 mL of EGM-2 medium was added to the upper chamber. The membranes were incubated in 5% CO 2 for 24 h at 37ЊC. Subsequently, A549 cells suspended in 100 mL of EBM- 4 5 ϫ 10 2 supplemented with 10% FBS were seeded on the top surface of the membrane. The respective media were changed daily. All experiments were performed on day 5 after inoculation of A549 cells and were performed in different media. For HPAECs, EBM-2 was only supplemented with 2% FBS; for the A549 cells, EBM-2 only was used.
Cellular confluence was assessed by placing 100 mL of 1% dextran blue (Sigma) in the alveolar compartment and 600 mL of PBS warmed to 37ЊC in the endothelial compartment and incubating for 2 h. The concentration of dextran blue in the endothelial compartment was determined spectrophotometrically. Transmembrane resistance was assessed using the Millipore meter (Millipore) as described elsewhere [8] .
Elutriated human monocytes were obtained from healthy donors. Cells were grown in RPMI with l-glutamine (Cellgro) supplemented with 10% FBS. Macrophage colony-stimulating factor (Cetus) was added to a final concentration of 20 mg/L. The cells were incubated in 5% CO 2 for 48 h at 37ЊC before harvesting. Three effector:target (E:T) ratios were studied: 1: 1, 10:1, and 100:1. Cell viability was assessed via the exclusion of trypan blue (Cambrex Biosciences).
Organism. An A. fumigatus transformant expressing green fluorescent protein was a gift from Professor Margo Moore (Simon Fraser University, Burnaby, British Columbia, Canada) [9, 10] . Fresh conidial suspensions were prepared before each experiment. The inoculum was verified by quantitative cultures. The MICs were 0.4, 0.4, and 0.5 mg/L according to a Clinical and Laboratory Standards Institute M38 A methodology [11] on 3 separate occasions; a MIC of 0.5 mg/L was used.
Confocal and electron microscopy. For confocal microscopy, membranes were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) and stained with 4 ,6 -diamidino-2-phenylindole (Roche Applied Science). Imaging was performed with a Zeiss LSM 510 META confocal microscope (Carl Zeiss Microimaging) equipped with a 40ϫ Apochromat (numerical aperture, 1.2) objective lens. Image z-stacks with 0.22-mm x-y pixel size and 1.0-mm optical slice thickness were collected. For electron microscopy, membranes were fixed in 2% glutaraldehyde in 0.1 mol/L cacodylate buffer and subsequently processed. Transmission electron microscopy was performed using a Philips 410 electron microscope (FEI) at 80 kV, and scanning images were obtained using a Hitachi S-4700 FESEM device (Hitachi High Technologies America).
Diagnostic markers of IPA from the membrane and supernatant. Quantitative cultures from the membranes were determined after pretreatment with chaotropic beads (Qbiogene/MP Biomedical). DNA was extracted using MagNA Pure LC using MagNA Pure LC DNA Isolation Kit III (Roche Diagnostics, Roche Applied Science) after enzymatic disruption and treatment with chaotropic beads. Polymerase chain reaction (PCR) was performed using a real-time assay with primers directed toward the ITS1-5.8S-ITS2 region of the rRNA complex, as described elsewhere [12] . A control for DNA extraction was achieved by quantifying human b-globin DNA (Roche Applied Science). Levels of galactomannan in cell-culture medium, rabbit serum, and rabbit bronchoalveolar lavage (BAL) fluid were determined using ELISA (Bio-Rad Laboratories) [13] .
Drug, drug measurement, and pharmacokinetics. Amphotericin B (Pharma-Tek) was added to EBM-2 supplemented with 2% FCS. Drug concentrations were determined using high-performance liquid chromatography as described elsewhere, with minor modifications [14] . A volume of 150 mL was submitted to analysis. The pharmacokinetics of amphotericin B in the in vitro model was studied in the alveolar and en- Neutropenic rabbit model of invasive pulmonary aspergillosis. A neutropenic rabbit model of invasive pulmonary aspergillosis, described elsewhere [15] , was used. A. fumigatus strain NIH 4215 was used. Rabbits were serially killed at 4, 8, 12, 16, 20, 24 , and 30 h after inoculation. A BAL was performed using 20 mL of 0.9% saline, and the fluid was centrifuged at 13,000 g for 10 min and the supernatant submitted for galactomannan estimation.
Data analysis, mathematical modeling, and Monte Carlo simulation. Experimental data from the alveolar and endothelial compartments were comodeled with a population methodology using the Big NPAG program [16] . These data included (1) the pharmacokinetics of amphotericin B, (2) the effect of various dosages of amphotericin B on the time course of galactomannan, (3) the effect of macrophages in their various E: T ratios on the time course of galactomannan, and (4) the combined effect of amphotericin B and macrophages on the time course of galactomannan. The structural model is contained in the appendix. The data were weighted by the inverse of the observed variance.
The mean parameter values obtained from the population analysis were used to define the concentration of amphotericin B administered to the endothelial compartment, which resulted in suppression of the galactomannan levels in the alveolar and endothelial compartments. To further explore the therapeutic implications of these experimental results, the data were bridged to humans. The results of a study by Nath et al. [17] , which described the population pharmacokinetics of amphotericin B in children, were applied to a 70-kg human. A 9999-subject simulation was performed. The proportion of simulated patients who received 0.3, 0.6, and 1 mg/kg and attained or exceeded a level of drug exposure predicted to suppress the growth of A. fumigatus was defined.
RESULTS
In vitro model of the alveolus.
A schematic representation of the in vitro model is shown in figure 1A . The integrity of the cellular bilayer was evident at an ultrastructural level (figure 1B).
Confluence of the cellular bilayer was evident 4 days after seeding of the A549 human type II pneumocytes. This was most readily apparent after a sustained difference in the levels of medium used for the alveolar and endothelial cells (figure 1). The transmembrane resistance of the cellular bilayer was Q/cm 2 (resistance across the membrane alone, 360 555 ‫ע‬ 12.25 Q/cm 2 ). There was negligible translocation of dextran blue across the bilayer throughout the experimental period, in both infected and drug-exposed systems. ure 2A). Confocal microscopy showed that hyphae emerged from the endothelial cell layer into the endothelial compartment ∼14-16 h after inoculation (figure 2B). With the passage of time, there was progressive hyphal extension through the endothelial cell layer and into the endothelial compartment. The transmission and scanning electron images show that the invasion of Aspergillus assumed a direct intracellular path through both alveolar and endothelial cells ( figure 2C-E) .
Time course of conventional culture, quantitative Aspergillus PCR, galactomannan, and the inoculum-effect relationship. Quantitative cultures from the membrane after inoculation with 10 3 , 10 4 , and 10 5 conidia did not change throughout the experimental period and therefore did not reflect the progressive growth and invasion of Aspergillus through the cellular bilayer that was evident at a microscopic and ultrastructural level ( figure 3A) . By contrast, the PCR signal from the membranes reflected a logarithmic increase in DNA content ( figure  3B ). Cultures from the alveolar compartment were positive immediately after inoculation, but subsequently only intermittently so, with no clear relationship to the inoculum (data not shown). The cultures from the endothelial compartment remained sterile throughout the course of the experiment, even when there was clear evidence of hyphal growth within this compartment (data not shown). Compared with galactoman- nan levels, quantitative PCR was less reflective of the growth and dynamics of Aspergillus, particularly within the alveolar compartment.
Galactomannan levels were highly reproducible, and the effect of the 3 inocula could be distinguished in both of the compartments of the model ( figure 3E and 3F ). Most important, however, the kinetic profile of galactomannan was correlated with critical cellular events in the invasion of Aspergillus as determined by confocal microscopy. Figure 4 demonstrates that the levels of galactomannan began to increase in the endothelial compartment 14-16 h after inoculation, which coincided with the penetration of hyphae through the endothelial cell layer and into the endothelial compartment (figure 2B). Therefore, galactomannan was subsequently used to measure There was a delay in the appearance of GM within the endothelial compartment (serum in rabbits) that corresponded to the time taken for conidial germination and invasion of the alveolar-capillary barrier. B, Exposure-response relationships when there was no delay in the administration of amphotericin B to the endothelial compartment. C, Exposure-response relationship after a 6-h delay in drug administration. A delay in the administration of amphotericin B was detrimental, given the incomplete suppression of growth within the alveolar compartment. AUC, area under the curve.
unrestrained fungal growth and the antifungal effect of macrophages and amphotericin B.
Discordant kinetics of galactomannan in the alveolar and endothelial compartments: in vitro-in vivo correlations. The time course of galactomannan levels in BAL and serum specimens obtained from neutropenic rabbits with IPA was compared with that observed in the in vitro model. Figure 4A shows that the levels of galactomannan in the endovascular compartment (serum from rabbits) and the alveolar compartment (BAL fluid from rabbits) were discordant. The delay between the appearance of galactomannan in BAL and serum likely reflected the time taken for advancing hyphae to traverse the alveolar-capillary barrier.
Persistence of A. fumigatus after a delay in the administration of amphotericin B. The effect of (1) no delay and (2) a 6-h delay in the administration of amphotericin B into the endothelial compartment on the levels of galactomannan in the alveolar and endothelial compartments was explored (figure 4B and 4C). In both models, the galactomannan levels were determined at a single time point 30 h after inoculation. To correct for the different durations of drug exposure in the 2 experiments (i.e., 30 and 24 h in the no-delay and 6-h-delay model, NOTE. Subscripts "e" and "a" denote the endothelial and alveolar compartments, respectively; k 12 , k 21 , and k 23 represent the first-order intercompartmental rate constants; V is the volume of the respective compartments; Kgmax is the maximum-growth-rate constant of Aspergillus; H is the sigmoidicity (slope) constant for the effect of amphotericin B on growth; C50 is the concentration of amphotericin B that is required to achieve a 50% reduction in growth; POPMAX is the maximum achievable galactomannan value; WBCkillmax is the maximum rate of kill effected by macrophages, and WBCkill50 is the galactomannan value at which the macrophage kill is half-maximal. GMI, galactomannan index. respectively), the data were transformed from concentration response to the area under the curve (AUC):MIC response relationships. The mean pharmacokinetic parameter values in table 1 were used for this purpose.
These experiments revealed that it was not possible to administer enough drug to completely inhibit the production of galactomannan in the alveolar compartment after a 6-h delay in the administration of amphotericin B. By contrast, the exposure-response relationships in the endothelial compartment of the respective models were comparable. Because a delay in the introduction of drug was more clinically tenable, we chose to use this model in all subsequent experiments.
Pharmacokinetics of amphotericin B. The concentrations of amphotericin B decreased in the endothelial compartment as the drug traversed the cell layer and emerged within the alveolar compartment ( figure 5 ). The pharmacokinetic parameters are summarized in table 1.
Time course of the effect of amphotericin B in the endothelial and alveolar compartment. The effect of an initial concentration of 0.25, 0.5, and 2.0 mg/L of amphotericin B administered to the endothelial compartment 6 h after inoculation was studied. These concentrations were chosen on the basis of the inhibitory sigmoid E max relationship shown in figure   4C . The kinetics of galactomannan were determined in both the alveolar and the endothelial compartment. None of the concentrations of amphotericin B could suppress the levels of galactomannan in the alveolar compartment ( figure 6A ). By contrast, amphotericin B exhibited striking efficiency in its ability to suppress growth in the endothelial compartment. An initial concentration of both 0.5 and 2.0 mg/L suppressed galactomannan levels in the endothelial compartment, and a concentration of 0.25 mg/L suppressed growth for the majority of the experimental period ( figure 6B) .
Effect of adding monocyte-derived macrophages to the alveolar compartment. Human monocyte-derived macrophages were added to the alveolar compartment to study the antifungal effect of resident pulmonary alveolar macrophages. Only an E: T ratio of 100:1 had any demonstrable influence on the time course of galactomannan, and even then the effect was merely to retard rather than to suppress the growth of Aspergillus (figure 6C and 6D) .
Effect of adding monocyte-derived macrophages to the alveolar compartment and amphotericin B to the endothelial compartment. Because neither amphotericin B (when administered after a 6-h delay) nor monocyte-derived macrophages could suppress the growth of Aspergillus, the antifungal effect of their combination was examined ( figure 6E and 6F) . In these experiments, macrophages at an E:T ratio of 100:1 were applied immediately before the inoculation of conidia into the alveolar compartment, and amphotericin B was administered at a concentration of 0.25 and 2.0 mg/L to the endothelial compartment 6 h later. The coadministration of macrophages with amphotericin B at an initial concentration of 0.25 mg/L resulted in the suppression of galactomannan in the endothelial compartment, which was not possible when this concentration of drug was used alone. Similarly, in the alveolar compartment, there was also suppression of galactomannan when concentrations of 0.25 and 2.0 mg/L amphotericin B were combined with macrophages. Thus, near-maximal suppression of the levels of galactomannan in both the alveolar and the endothelial compartment was possible, but only when amphotericin B was combined with macrophages at an E:T ratio of 100:1 ( figure  6E and 6F) . 
DISCUSSION
We adapted a cell bilayer model of the human alveolus, which has been used previously for the study of the translocation of Mycobacterium tuberculosis [8, 18] , to further study early IPA. This approach provided the following advantages: (1) it enabled us to model clinically relevant tissue compartments and sampling sites; (2) it provided the ability to recapitulate human pathogenesis by allowing conidia to germinate in contact with alveolar epithelial cells, with a breaching of the endothelial cells by hyphae invading their basal aspect; (3) we were able to reflect on the antifungal effect of macrophages in various E:T ratios; and (4) we captured events that are operational at the very earliest point at which the pulmonary vasculature is breached.
The biological validity of the in vitro model was further explored by comparing it with an established neutropenic rabbit model of IPA. In addition to the architecture of the in vitro model, we attempted to recapitulate alveolar physiology in a number of potentially important ways. The endothelial compartment contained FBS, thereby simulating the protein content of blood and enabling the binding of drugs to protein that is observed in clinical and in vivo settings. Similarly, no FBS was added to the alveolar compartment, because the alveolus is usually devoid of albumin. In addition to adding macrophages to the alveolar compartment to simulate innate pulmonary defenses, A549 cells are also known to produce components of surfactant, some of which play a role as host defense molecules in the prevention of Aspergillus infection [19] [20] [21] [22] .
To our knowledge, the present study represents a novel use of galactomannan, and the results demonstrate that levels of this antigen are inextricably linked to the pathogenesis and the dynamics of invasion of Aspergillus. These findings complement data obtained from a variety of clinical and experimental settings, in which galactomannan has been correlated with therapeutic efficacy and outcome [5, 13, 23] . We demonstrated a close temporal relationship between the penetration of the endothelial cell layer and an increase in galactomannan levels, which suggests that galactomannan levels in serum may serve as a crucial marker for the initial breaching of the host by the invading fungus. Furthermore, the present study revealed a discordance in the kinetic profile between BAL fluid and serum, which suggests that galactomannan does not traverse the alveolar-capillary barrier and that, for diagnostic and therapeutic purposes, the airways and vasculature should be viewed as distinct compartments.
Previous studies have suggested that the peak concentration: MIC ratio best links drug exposure with outcome [24, 25] . In the present study, however, only a single dose of drug was administered; in this circumstance, there is complete colinearity between peak concentration:MIC and AUC:MIC. For the purposes of computational tractability, we chose to use AUC:MIC as the dynamically linked variable. The mathematical model suggested that an AUC:MIC ratio of 22.10 resulted in suppression of fungal growth in both the alveolar and endothelial compartments. The Monte Carlo simulations enabled this finding to be placed in a clinical context. A dose of 0.3 mg/kg is unlikely to produce sufficient drug exposure for the treatment of IPA-only 5.5% of patients are predicted to achieve adequate drug exposure. By contrast, a progressively higher proportion of simulated patients receiving doses у0.6 mg/kg are predicted to achieve the drug-exposure target. The findings from the model are potentially most representative of empirical or preemptive antifungal therapy in humans. Importantly, however, the target used in the simulations makes no consideration for a multitude of additional factors that may also affect the outcome of patients with IPA treated with amphotericin B; these include issues pertaining to drug-related toxicity [26] [27] [28] , suboptimal penetration of drug to the infection site, underlying host disease, the timing of therapeutic intervention, and the total duration of therapy. As a consequence, the calculated rates of target attainment associated with doses of 0.6-1.0 mg/kg do not imply that a favorable clinical outcome can also be expected in a similar proportion of patients with IPA.
Despite these limitations, the present in vitro model provides clinically relevant insights into the biological characteristics, diagnosis, and treatment of early IPA. The model highlights the importance of early therapeutic intervention in securing a favorable outcome and is therefore consistent with the findings of earlier clinical studies [29, 30] . Invasion across the alveolar capillary barrier occurs within the initial 24 h after infection, and assiduous monitoring of biomarkers may detect this breach. Innate immunological effectors are required to procure a favorable therapeutic outcome in IPA, which lends support to strategies to reconstitute or augment host defenses as a means of optimizing the therapeutic outcome [31] [32] [33] . This in vitro model serves as a paradigm by which questions pertaining to the pathogenesis, detection, and treatment of other fungal pathogens and nonfungal pulmonary pathogens can be addressed.
Equations (1), (2), and (3) describe the pharmacokinetics of amphotericin B. Compartments 1, 2, and 3 indicate the endothelial, cellular, and alveolar compartments, respectively. X(1), X (2) , and X(3) indicate the amount of amphotericin B (in milligrams) in the respective compartments. The drug was administered as a time-delineated zero-order input into the endothelial compartment, represented by B (1) . The volume of the endothelial and alveolar compartments was defined in the output equations (not shown); k represents the various firstorder intercompartmental rate constants. The system is closed (i.e., there is no clearance of drug).
Equations (4) and (5) describe the rate of change of galactomannan in the endothelial (compartment 4) and alveolar (compartment 5) compartments, respectively. X(4) and X(5) represent the amount of galactomannan in the endothelial and alveolar compartments. The subscript e in equation (4) denotes "endothelial," and the subscript a in equation (5) denotes "alveolar." The terms (4a) and (5a) describe the capacity-limited growth of Aspergillus (measured in terms of the galactomannan index) in the respective compartments. Growth begins from an initial value (i.e., the galactomannan value at time 0)-the initial condition in the alveolar and endothelial compartments were identified as part of the model-fitting process. Kgmax is the constant that describes the maximum rate of growth of Aspergillus, and POPMAX is the maximum theoretically achievable galactomannan value. As the growth approaches POPMAX, it slows and approaches zero. Note that POPMAX assumes the same value in both the endothelial and alveolar compartments. The second term in equations (4) and (5) (terms [4b] and [5b], respectively), describes the effect of amphotericin B on the growth of Aspergillus. Progressively higher concentrations of amphotericin B lead to a slowing of growth. C50 e and C50 a are the concentrations of amphotericin B at which the effect of drug on the growth of Aspergillus is half-maximal in the endothelial and alveolar compartments, respectively. H e and H a represent the respective slope functions. The final terms in equations (4) and (5) ([4c] and [5c]) describe the killing effect induced by macrophages. WBCkillmax e and WBCkillmax a are the maximum rate of killing in the endothelial and alveolar compartments, respectively, whereas WBCkill50 e and WBCkill50 a represent the galactomannan values at which killing is halfmaximal. Macrophages from the various E:T ratios used in the study were allowed to affect the rate of growth in the endothelial and alveolar compartments via the input functions R(1) and R (2) .
